Introduction
Mass loss from stars is fundamental to the chemical evolution of galaxies. During the late stages of stellar evolution, asymptotic giant branch (AGB) stars with masses approximately between 1 and 8 M lose a significant fraction of their mass in a short period, during which they are surrounded by an optically thick shell of dust [1] . This circumstellar dust plays a crucial role in many astrophysical processes: it dominates the energy balance around the star through the absorption and emission of radiation, so that the resulting radiation pressure induces a massive of the condensed phase that are required to calculate J * may well not be applicable at the cluster size scale. Donn & Nuth [12] were initially rather critical of CNT for these reasons, although very recently they have shown that the lack of chemical equilibrium is perhaps not such a serious problem [13] . These workers have also introduced a scaled version of CNT [11] . Cherchneff & Dwek [14] have also recently discussed the shortcomings of CNT in some detail. As an alternative to CNT, those authors have developed a kinetic model describing explicitly the formation in the gas phase of the molecular precursors, which polymerize to form embryonic dust particles.
The present study follows a similar strategy. The starting point is our recent experimental work on the formation of mixed Mg-Fe-silicate particles at low temperatures from gas-phase precursors [15] , related to the formation of nanoparticles from ablated meteor vapours in the Earth's upper atmosphere [16, 17] . We interpreted the laboratory observations using electronic structure calculations to show that FeSiO 3 and MgSiO 3 molecules should play a central role in forming new particles. These molecules are very stable and highly polar (see below), so that they should polymerize spontaneously to form particles. For this reason, they have not (yet) been observed in the laboratory, although we have studied the formation in the gas phase of their close analogues FeCO 3 , MgCO 3 and CaCO 3 , from the recombination of the respective metal oxides with CO 2 [18] [19] [20] .
The kinetic approach used here to model particle formation in stellar outflows involves three stages. First, electronic structure calculations are used to determine energetically possible reaction pathways. Second, the molecular properties (rotational constants and vibrational frequencies) of stable intermediates and transition states are then used to calculate reaction rates over typically complex potential energy surfaces (PESs). Third, the resulting rate coefficients are used in a model that couples gas-phase chemistry with particle growth kinetics in a stellar outflow. This model demonstrates that silicate formation in the gas phase is essentially shut down by the presence of atomic H in the outflow. However, there is a kinetically viable route to the formation of gas-phase CaTiO 3 , and this molecule is probably the key ingredient in forming sufficient numbers of CN particles larger than 2 nm by the point at which the outflow has cooled to 1000 K.
Theoretical methods (a) Electronic structure calculations and master equation modelling
Electronic structure calculations were used to map the stationary points on the electronic PESs of the relevant reactions. Molecular geometries were first optimized using hybrid density functional theory, which includes some exact Hartree-Fock exchange. The B3LYP method was used together with the 6-311+G(2d,p) triple zeta basis set. This is a large, flexible basis set that has both polarization and diffuse functions added to the atoms. At this level of theory, previous theoretical benchmarking studies indicate an expected uncertainty in the calculated reaction enthalpies of the order of ±25 kJ mol −1 [21] . After the optimized geometries were checked for wave function stability, the resulting rotational constants and vibrational frequencies were used in the master equation (ME) calculations described below. More accurate energies (±15 kJ mol −1 [21] ) were then determined using the complete basis set (CBS-Q) method of Montgomery et al. [22] . All calculations were performed using the Gaussian 09 suite of programs [23] .
Reaction rate coefficients were then estimated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory, with a solution of the ME based on the inverse Laplace transform method [24] . We have previously used this method to model successfully the measured rate coefficients of reactions involving metal-containing species where a stable intermediate is present on the PES [18] [19] [20] 25] . These reactions proceed via the formation of an excited adduct from the two reactants. This adduct can then dissociate back to reactants, rearrange to other intermediates or dissociate to bimolecular products. Any of the intermediates can also be stabilized by collision with the third body. The time evolution of all these possible outcomes is modelled using the ME.
For this study, a multi-well energy-grained ME was used [26] [27] [28] . The internal energies of the intermediates on the PES were divided into a contiguous set of grains (width, 200 cm −1 ), each containing a bundle of rovibrational states. Each grain was then assigned a set of rate coefficients linking it to other intermediates, calculated by RRKM theory. For dissociation to products or reactants, microcanonical rate coefficients were determined using inverse Laplace transformation to link them directly to the capture rate coefficient, k capture . For these reactions involving neutral species, k capture was set to a typical capture rate coefficient of 3 × 10 −10 (T/1000 K) 1/6 cm 3 molecule −1 s −1 [29] , where the small positive temperature dependence is characteristic of a long-range potential governed by dispersion and ion-induced dipole forces. For reactions governed by permanent dipole-dipole interactions (e.g. SiO + OH), the capture rate was calculated explicitly using long-range variational transition state theory [29] .
The probability of collisional transfer between grains was estimated using the exponential down model, where the average energy for downward transitions was set to E down = 300 cm −1 [30] . The probabilities for upward transitions were calculated by detailed balance. All RRKM and ME calculations reported in this study were carried out with the open-source ME program, master equation solver for multi-well energy reactions (MESMER; [31] ). MESMER determines the temperature-and pressure-dependent rate coefficient from the full microcanonical description of the system time evolution by performing an eigenvector/eigenvalue analysis similar to that described by [26, 27, 32] .
(b) Model of stellar outflow chemistry
The rate coefficients obtained from the procedures described earlier were then input into a chemical box model where the coupled ordinary differential equations describing the rates of change of the concentrations of each species were solved using a fourth-order Runge-Kutta integrator [33] . In addition to the reactions involving Ca, Fe, Mg, Ti and Si species, the model also contained a full set of odd-hydrogen reactions (i.e. involving the radicals H and OH) whose rate coefficients are well known from combustion chemistry [34] .
The model was initialized with the following conditions. The AGB star has a radius of 200 R = 1.4 × 10 8 km, close to 1 AU. The mass loss rate was varied from (2 − 10) × 10 −5 M yr −1 [35] . This range corresponds to a H 2 loss rate of (4 − 20) × 10 44 molecule s −1 . The mass continuity equation for a stationary spherically symmetric outflow is given by
where v is the outflow velocity, which was fixed in the model at 2 km s −1 [8] . That is, it is assumed that the gas enters the zone of condensation of the main components (Mg, Fe and SiO) with roughly sonic velocity, and acceleration of the dust outflow only occurs after the dust grows to a size where radiation pressure becomes dynamically significant [4] . The H 2 concentration at 2R * is then in the range (1.0-10.3) × 10 11 cm −3 depending on the H 2 loss rate, and falls as 1/R 2 .
The temperature T at 2R * was taken as 1600 K and was assumed to decrease according to the relation [8] 
reaching approximately 1000 K at 4R * . The relative elemental abundances were set to their cosmic abundances [36] . Assuming that all C is oxidized to CO, then excess O should almost all be in the form of H 2 O. The model was then initialized with the following relative abundances (in parentheses): H 2 (1.0), H 2 O (1.7 × 10 −3 ), Mg (7.9 × 10 −5 ), SiO (7.1 × 10 −5 ), Fe (6.4 × 10 −5 ), Ca (4.4 × 10 −6 ) and TiO (1.7 × 10 −7 ). It should be noted that the relative abundances of the metallic species compared with hydrogen agree to better than 1 per cent with a recent compilation of elemental abundances in the solar photosphere [37] ; although the relative abundances of silicon, oxygen and carbon are 8 per cent, 18 per cent and 23 per cent smaller, respectively, this is not important for the present modelling exercise.
The H relative abundance was fixed (arbitrarily) to 2 × 10 −3 (i.e. 0.1% of the H 2 is dissociated), and the OH concentration was calculated from the odd-hydrogen chemistry in the model. relative abundance then varied from 7.1 × 10 −8 at 1500 K to 5 × 10 −9 at 1000 K. In fact, the choice of H relative abundance in the model is not critical (over a sensible range) because the OH/H ratio is largely controlled by the reaction OH + H 2 → H 2 O + H and its reverse H 2 O + H → OH + H 2 . Although the latter is slower, its time constant is still only approximately 2 days (at 1200 K and [H 2 O] = 3 × 10 8 cm −3 ), which is much shorter than the characteristic time scale during which CN form in the outflow (more than 100 days, see below). Thus, the OH/H ratio is essentially governed by the H 2 O/H 2 ratio. The OH/H ratio in turn controls the ratios of TiO 2 /TiO and SiO 2 /SiO (see below), so that all these species exist in near steady state.
The gas-phase part of the outflow model was then coupled to a particle growth model, which we have described in detail previously [16] . The growth model, which uses a semi-implicit integration scheme, is volume conserving. Particle sizes are separated into radius space in a number of fixed centre bins, where the first bin size is set at an appropriate molecular radius of 0.28 nm, corresponding to the equivalent size of a spherical monomer of CaTiO 3 (since this turns out to be the dominant condensable molecule) with an assumed amorphous density of 2500 kg m −3 . Subsequent bin sizes are increased geometrically by a fixed volume ratio of 1.5, so that the particle radius in each successive bin is (1.5) 1/3 times larger, and the largest of the 45 bins contains particles of radius 106 nm. The concentration of monomers in the first bin is set equal to the concentration of gas-phase metal silicates and titanates at each time step of the gas-phase module.
Particle growth is assumed to be dominated by Brownian diffusion-coagulation where collisions between pairs of particles result in coalescence, maintaining spherical morphology and compact structure. The collision rate coefficients (or kernels) for Brownian coagulation were calculated using the Fuchs interpolation formula [38] for the transition regime (Knudsen number, K n ∼ 1). However, the kernel for the dimerization of two monomers (i.e. to move from the first to second bin) was calculated explicitly using the MESMER code. It is assumed that polymerization to larger polymers is no longer pressure dependent because of the increasing numbers of atoms involved, which give rise to a large number of vibrational modes and a correspondingly large density of rovibrational states at the critical energy [30] .
We have used this growth model previously to treat the agglomerative growth of fractal-like particles, in particular where the rapid growth of Fe-containing particles is driven by magnetic dipoles once they reach a primary particle radius around 4 nm [39] . However, these factors were not considered in the present study, firstly because the CN particles under consideration only reach a few nanometres in size, and secondly because the fraction of Fe in the particles is very low (less than 0.01%, see below). Figure 1 illustrates the reaction pathway to form CaTiO 3 and its dimer, (CaTiO 3 ) 2 , from Ca and TiO. This mechanism, which has been elucidated using the theoretical and modelling tools described earlier, appears to be a key reaction sequence for CN formation in an oxygen-rich stellar outflow. Various aspects of the mechanism are discussed in the sections below. Electronic structure calculations reveal that the metal silicate and titanate molecules are kite-shaped molecules. The silicates are planar [17] , whereas the titanates are pyramidal, as shown for the case of CaTiO 3 at the bottom of figure 1. These molecules possess several essential properties required to act as effective building blocks of CN particles at high temperatures. Firstly, as shown in table 1, the molecules are extremely stable with respect to thermal dissociation, particularly CaTiO 3 and CaSiO 3 . In all cases, the lowest energy thermal dissociation pathway yields the metal oxide and TiO 2 Thirdly, the molecules have extremely high dipole moments (table 1) , some in excess of 10 Debye. This means that there will be strong dipole-dipole forces between them, resulting in unusually high capture rates [29] . For instance, the capture rate for the dimerization reaction CaTiO 3 + CaTiO 3 is 9.1 × 10 −10 cm 3 molecule −1 s −1 at 1000 K, which is about a factor of three larger than the 'hard-sphere' collision rate. A final point is that these molecules polymerize readily, with binding energies in excess of the lower limit of 400 kJ mol −1 required for reasonable thermal stability at a temperature around 1000 K.
Results and discussion
Having established that these molecules should be effective building blocks, the question is whether they can actually form in this challenging environment of high temperatures, low pressures and chemically reducing atomic H and H 2 . (a) Oxidation of Mg, Fe and Ca
The oxidation of metal atoms to form metal monoxides or hydroxides (MgO, MgOH, etc.), as precursors to titanates and silicates, is effectively shut down by H 2 and H. For example, we have shown experimentally that the reaction
is close to the collision frequency, even at room temperature [40] . The PES for MgO + H 2 indicates that this reaction should also be rapid. This probably explains why neither CaO nor MgO have been identified in circumstellar environments [41] . We measured a small upper limit at room temperature for the reaction FeO + H 2 , k ≤ 7 × 10 −14 cm 3 molecule −1 s −1 [18] . This is consistent with a potential energy barrier of 55 kJ mol −1 calculated at the CBS-Q level, yielding k(FeO + H 2 ) = 6.2 × 10 −11 exp(−7970/T) cm 3 molecule −1 s −1 . At an H 2 pressure of 10 −3 Pa and a temperature of 1000 K, the lifetime of FeO will be only 700 s. This may account for the single report so far of FeO in the circumstellar medium [42] . The reactions of the metal oxides and hydroxides with atomic H are all exothermic. The reaction FeOH + H → Fe + H 2 O is fast, even at room temperature [25] , and flame studies show that CaOH + H and MgOH + H are within an order of magnitude of their respective collision frequencies [43, 44] . It therefore appears very unlikely that metal titanates and silicates can form in the outflow region via direct oxidation of the metal atoms.
(b) Oxidation of TiO and SiO
We have recently measured the kinetics of the reaction
obtaining k 2 (293 K) = (5.7 ± 2.0) × 10 −12 cm 3 molecule −1 s −1 [45] . In the same study, we computed the PES for the reaction: this is quite complex because of the initial formation of a cis or trans form of the HOSiO intermediate, which then rearranges in different ways to yield the products. Figure 2 shows a plot of the temperature dependence of k 2 calculated using MESMER. Note that the model reproduces the experimental point at 293 K, if it is assumed that there is an equal probability of the reaction proceeding via each HOSiO isomer. In the temperature region above 1200 K relevant to the present study, the reaction should be fast enough to oxidize SiO to SiO 2 in around 40 days. However, reaction (3.2) is very close to being thermoneutral, and unfortunately the reverse reaction (SiO 2 + H) is about 50 times faster above 1000 K (figure 2). SiO and SiO 2 will therefore rapidly reach a steady state. For instance, in an outflow at 1400 K where the OH/H ratio is 2 × 10 −5 , the SiO 2 /SiO ratio will be only 3 × 10 −6 . In the absence of OH, the other route to oxidize SiO would be the endothermic reaction
However, there is a barrier of 131 kJ mol −1 on the PES of this reaction (involving a rearrangement from an intermediate OSi(H)OH to OSiO + H 2 ), so that this reaction will be extremely slow, e.g. k 3 (1400 K) = 9 × 10 −18 cm 3 molecule −1 s −1 . In any case, the reverse reaction (SiO 2 + H 2 ) has a barrier of only 81 kJ mol −1 , and so will be about three orders of magnitude faster. Fortunately, the situation for the oxidation of TiO is rather different. The PES for the OH oxidation reaction
proceeds via a deep well corresponding to HOTiO (bound by 421 kJ mol −1 with respect to TiO+OH), which then dissociates without a barrier to the products that lie 141 kJ mol −1 below the entrance channel. In this situation, the forward reaction is fast, but the reverse reaction is extremely slow, as shown in figure 2. The result is that the TiO 2 /TiO ratio is around 4 per cent at 1400 K in the outflow, a much more favourable situation. H 2 O may also play a role in the oxidation of TiO,
However, this reaction does not conserve electronic spin, since ground state TiO is a triplet (the state is 3 ) and TiO 2 is a singlet ( 1 A 1 ). If spin is conserved and triplet TiO 2 formed, the reaction would be endothermic by 245 kJ mol −1 and thus negligibly slow. The probability of spin-hopping from the triplet to singlet may not be negligible if there is a crossing seam between the two PESs. However, for the present model, this probability is taken to be zero, so that reaction (3.4) is assumed to be the only pathway for oxidizing TiO.
(c) Formation of the metal titanates and silicates is too endothermic to be significant. Although recombination is exothermic,
and
this route is not promising for three reasons (apart from these recombination reactions being slow because of the low pressure of H 2 (=M) in the outflow). Firstly, the reactions involve recombination with OH, which is a very minor species. Secondly, the resulting HOTiO 2 and HOSiO 2 will not be stable against thermal decomposition because their bond energies of 319 and 262 kJ mol −1 are considerably smaller than the benchmark 400 kJ mol −1 . Thirdly, these molecules undergo very exothermic reactions with H, which are likely to be fast,
The only viable option appears to be recombination with H 2 O:
and Figure 3 illustrates the PES for reaction (3.12) . This shows that after initially forming a TiO 2 -H 2 O complex, rearrangement over a barrier submerged below the energy of the entrance channel leads to the product where three O atoms are now bound to the Ti. MESMER calculations (table 2) show that reaction (3.12) is nearly an order of magnitude faster than reaction (3.13), largely because it is more exothermic. It should be noted that because of the exothermicity and the large number of low-frequency vibrational modes of OTi(OH) 2 ( and
All three reactions follow essentially the same mechanism, which is illustrated in figure 1 for reaction (3.16 figure 4 shows that for reaction (3.16), TS1 and TS2 are submerged well below the reactant entrance channel, so this reaction will proceed rapidly, even at low temperatures. Furthermore, the overall reaction is pretty exothermic, so the reverse reaction rate coefficient must have a large activation energy, and the reaction will be relatively slow, even at high temperatures. The rate coefficients k 16 and k −16 calculated by MESMER are listed in table 2. Because of the importance of this reaction, the molecular properties of each of the stationary points on the PES are listed in table 3.
In contrast to reaction (3.16), for Fe + OTi(OH) 2 , the barrier TS1 is no longer submerged (height = 21 kJ mol −1 ), so k 17 has a positive activation energy. The reaction is also much less exothermic, so the reverse reaction is much faster (table 2) . For Mg, the situation is even worse: TS1 is now 55 kJ mol −1 above the Mg + OTi(OH) 2 entrance channel and the overall reaction is slightly endothermic. The PESs for the analogous reactions of Ca, Fe and Mg with OSi(OH) 2 have the same topographical features. The relative energies of their respective stationary points are listed in table 4 . This shows that the Ca reaction has submerged barriers and is the most exothermic, whereas there are significant barriers for the Fe and Mg reactions. The resulting rate coefficients for the forward and reverse reactions are also listed in table 2.
(d) Formation of CaTiO 3 clusters
Because of the large number of atoms with relatively high atomic numbers, calculations on the CaTiO 3 dimer and trimer were performed only at the B3LYP/6-311+g(2d, p) level of theory. The most stable form of the dimer is illustrated at the bottom of figure 1. Because reaction (3.19) is well into the fall-off region between third-and second-order kinetics, even at the low pressures of a stellar outflow, the MESMER calculations of k 19 over a range of T and p were fitted to the Lindemann expression modified by a broadening factor F c [20] ,
, (3.21) where k rec,0 and k rec,∞ are the low-and high-pressure limiting rate coefficients, respectively. The fitted values are given in table 2.
(e) Formation of TiO 2 particles
TiO 2 is able to form a strongly bound dimer [46] , which can then go on to form larger clusters [6] , 22) where the enthalpy change at 0 K is taken from a set of very high level theory calculations [46] . Reaction (3.22) will be in competition with reaction (3.12) and could therefore constrain the rate of metal titanate formation. The rate coefficients k 21 and k −21 were, therefore, calculated using MESMER and included in the model ( .22) ). Although Gail and co-workers [2, 4, 9] have shown that the SiO/SiO 2 system is not effective compared with TiO 2 in forming new particles in an outflow, the mixed system may be more competitive because of the large abundance of SiO 2 . However, this complex system is beyond the scope of the present study.
(f) Predicted condensation nuclei formation in a stellar outflow
The outflow model was now run using the rate coefficients in table 2. Figure 5 illustrates the concentrations of a variety of species over the 1400 days that it takes for the temperature in the outflow to drop from 1500 to 1000 K at a constant outflow velocity of 2 km s −1 . The case shown is for a mass loss rate of 4 × 10 −5 M yr −1 . The concentrations of atomic Ca, Mg and Fe decrease owing to the expansion of the outflow. TiO and TiO 2 decay more rapidly because of formation of metal titanates. Note that TiO is in excess over TiO 2 at the highest temperatures, but their concentrations become nearly equal by 1000 K because the equilibrium constant K 4 increases at lower temperatures (owing to the exothermicity of reaction (3.4)). CaTiO 3 is the most abundant CN precursor formed, by more than three orders of magnitude over CaSiO 3 . The Fe and Mg silicates (and titanates) make a negligible contribution to CN formation, which is in agreement with the work of Gail & Sedlmayr [2, 4, 9] . However, the present model does not support the study of Jeong et al. [6] , which concluded that TiO 2 clusters must be the major component of CN in oxygen-rich outflows. Figure 5 shows that the TiO 2 dimer (whose formation would be the first step in forming TiO 2 clusters) is a very minor component. This is because TiO 2 recombines readily with H 2 O (reaction (3.12)), and since the H 2 O/TiO 2 ratio is greater than 10 5 , this reaction is much more likely than recombination of TiO 2 with itself. Hence, the titanium oxides end up as CaTiO 3 clusters via reaction (3.16 is much faster in the conditions of the outflow than the other five reactions involving these metal atoms reacting with OTi(OH) 2 or OSi(OH) 2 . There are essentially two reasons: (i) the rate coefficient k 16 is large and has a small T dependence, and k −16 is comparatively small, and (ii) the TiO 2 /TiO ratio is much larger than SiO 2 /SiO (see above), and k 12 is nearly a factor of 10 larger than k 13 , so that OTi(OH) 2 forms much more rapidly than OSi(OH) 2 and is then more stable against thermal dissociation. Figure 6a illustrates the particle size distribution in the outflow at T = 1000 K, for a range of mass loss rates, (2-10) × 10 −5 M yr −1 . This shows that in all cases, there is a large concentration of CaTiO 3 monomers in the smallest bin (r = 0.28 nm). Because reaction (3.19) is not at its highpressure limit at the low pressures in the outflow, k 19 is about three orders of magnitude below the Brownian coagulation rate coefficient. This creates a bottleneck: once the dimer forms, it reacts rapidly with other CaTiO 3 polymers (including the monomer) to grow away rapidly to larger particle sizes. For the largest mass loss rate investigated (1 × 10 −4 M yr −1 ), there is significant depletion of the monomer by coagulation with the substantial number of larger particles, and the distribution peaks around r = 3 nm, with 2 per cent of particles being larger than 5 nm. By contrast, the distribution for the mass loss rate of 2 × 10 −5 M yr −1 peaks at only 0.55 nm.
If the minimum size of a CN particle is defined (arbitrarily) as r = 2 nm (such a particle would contain approx. 370 CaTiO 3 molecules), then the time evolution of CN particles can be followed in the model. This is shown in figure 6b , for the same range of mass loss rates. The particle concentration is normalized to the number of H nuclei, as has been done in previous work [6] . The grey line in the figure corresponds to 10 −13 CN particles per number of H nuclei. This is typically the mixing ratio of dust grains observed in circumstellar shells, and hence a lower limit to the CN particle number [6] . For these model conditions, this number is exceeded for mass loss rates of 3 × 10 −5 M yr −1 and higher. For mass loss rates of 7 × 10 −5 M yr −1 and higher, sufficient CN particles have been produced, while the outflow temperature is still above 1100 K. A final point is that both panels of figure 6 demonstrate how a variation in the mass loss rate by only a factor of five produces huge changes in the particle size distribution and the rate of production of CN particles. This emphasizes the highly nonlinear kinetics involved in the gas-phase production of CaTiO 3 , its dimerization and the subsequent growth of CN particles.
In order to compare with previous work on the nucleation rates of CN particles in outflows, the present kinetic model can be used to compute the nucleation rate J * of particles with r > Figure 6 . (a) Modelled size distribution of CaTiO 3 particles for a range of mass loss rates, shown at the point when the stellar outflow has cooled to 1000 K and these particles can start to act as condensation nuclei (CN) for less refractory gas-phase species.
(b) Modelled time evolution of CaTiO 3 particles with radii greater than 2 nm (normalized to the H nucleus concentration) during the 1400 days that the outflow cools from 1500 to 1000 K (for the same range of mass loss rates as (a)). Temperature is shown on the right-hand ordinate. The horizontal grey line marks the lower limit to the CN particle mixing ratio required to account the observed dust grain density in circumstellar shells [6] . figure 7 . This illustrates graphically the nonlinear effect of temperature on particle production. Note that there is a delay before the CN particles appear, which becomes much longer at higher temperatures. This delay is caused by the need to first produce sufficient CaTiO 3 for the rate of dimer production, which is second order in [CaTiO 3 ], to become fast enough. There is then a further delay while the new CaTiO 3 clusters grow to 2 nm. The peak nucleation rates and times are also very sensitive to temperature: at 1000 K, J The subsequent decrease in J * in each case results from the depletion of gas-phase TiO, which is required to make CaTiO 3 . It has been previously shown [6] that in order to explain the observed dust density in circumstellar shells, the nucleation rate should lie in the range 10 −22 < J * /[ΣH] < 10 −14 s −1 . The CaTiO 3 mechanism clearly achieves this.
Conclusions
This study has used a variety of theoretical tools to elucidate a mechanism for producing CaTiO 3 molecules from Ca and TiO in the challenging environment of a stellar outflow at temperatures above 1000 K. The mechanism is efficient because it involves two exothermic bimolecular reactions (TiO + OH and Ca + OTi(OH) 2 ) and only a single recombination reaction (TiO 2 + H 2 O). The very large dipole moment of CaTiO 3 and the stability of its polymeric clusters then favour the rapid formation of CN particles on which silicates can condense as the outflow cools below 1000 K. This is of course a theoretical study and it would be valuable to test at least some parts of the mechanism experimentally. However, the very properties that should make CaTiO 3 an effective particle precursor will also make it extremely difficult to create in the gas phase at large enough concentrations to observe in the laboratory. Finally, although the stellar outflow model used here is quite simplistic, it demonstrates that CaTiO 3 should be an outstanding candidate for CN formation. In particular, new particle formation starts to operate at temperatures much higher than the temperatures typically observed at the inner edge of the dust shell [48] . Nevertheless, it should be recognized that mass loss rates in excess of 1 × 10 −5 M yr −1 are required for this mechanism to operate effectively in the model (figure 6), and this is close to the upper limit of observed mass loss rates around dust-forming stars.
